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Abstract
The boiling of possible quark nuggets during the quark-hadron phase transition
of the Universe at nonzero chemical potential is revisited within the microscopic
Brueckner-Hartree-Fock approach employed for the hadron phase, using two kinds
of baryon interactions as fundamental inputs. To describe the deconfined phase of
quark matter, we use a recently developed quark mass density-dependent model
with a fully self-consistent thermodynamic treatment of confinement. We study
the baryon number limit Aboil (above which boiling may be important) with three
typical values for the confinement parameter D. It is firstly found that the baryon
interaction with a softer equation of state for the hadron phase would only lead to
a small increase of Aboil. However, results depend sensitively on the confinement
parameter in the quark model. Specifically, boiling might be important during the
Universe cooling for a limited parameter range around D1/2 = 170 MeV, a value
satisfying recent lattice QCD calculations of the vacuum chiral condensate, while for
other choices of this parameter, boiling might not happen and cosmological quark
nuggets of 102 < A < 1050 could survive.
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1 Introduction
It has long been proposed that much of the baryon number (A) of the Universe
is condensed into the quark phase (usually called quark nuggets, QNs) during
the quark-hadron phase transition [1]. To survive in the hot QCD medium (∼
150 MeV), a QN of a certain size must outlive two decay processes, namely
surface evaporation [2] and boiling [nucleation of hadronic bubbles (HBs)] [3,4].
The former is generally very efficient when the environment is transparent to
neutrinos, and the details mainly depend [2] on the dynamic properties of the
neutrino-driven cooling, for example the neutrino opacity. Our interest lies in
the latter case, i.e., the boiling of QNs into hadrons, which is closely related
to the underlying microscopic physics of the quark-hadron phase transition.
In one of the earliest studies, Alcock & Olinto [3] described nucleons in terms
of an ideal gas, and assumed that the pressure in the strange-quark matter
would be contributed entirely by the thermal spectrum of light particles (elec-
trons, neutrinos, and photons). Based on the idea that if the total surface area
of HBs exceeds the QN surface area, boiling would be inefficient, they found
a baryon number minimum Aboil above which boiling is important, and con-
cluded that this limit must be as high as 1046 - 1049. They have furthermore
treated the surface tension of QNs, σ, as a free parameter and obtained for it
an unusually large lower limit, namely (178 MeV)3, which would mean that
almost all QNs could not survive boiling. Later Madsen & Olesen [4] treated
the hadron phase as a Walecka-type interacting neutron-proton-electron (npe)
gas and also introduced the fermion pressure in the quark phase using the MIT
bag-like model [5]. They found a rapid dependence of Aboil on the parameters
(σ,B), where B is the bag constant. They argued that QNs may survive boil-
ing for some choice of (σ,B), and that therefore for such a case boiling is not
the dominant decay process for QNs, compared to the evaporation mentioned
above. In the recent work of Lugones & Horvath [6], quark pairing and the
curvature energy were introduced in the quark phase and it was concluded
that both boiling and surface evaporation would be suppressed by the pairing
gap. The authors also argued that boiling might be unlikely for intermediate
temperatures (T < T∆ ∼ 0.57∆), where ∆ is the pairing gap.
Clearly, the most important aspect for the boiling problem is how to treat the
strong interaction between quarks (in the quark phase) and between hadrons
(in the hadron phase). This will evidently affect the chemical composition of
the two phases, and lead to different conclusions of the occurrence of boiling.
The aim of this work is hence to employ the hadronic and quark EOSs based on
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the most advanced microscopic approaches. The results should have important
impacts on the conclusions reached before [4] based on the phenomenological
nuclear many-body theory. We can also get more insight from the comparison
of the calculated results using different versions of baryon interactions, that
is, to achieve a better understanding on the relation between the cosmological
QCD phase transition and the underlying EOS.
For the quark phase, the simple MIT bag model [5] used in previous stud-
ies [4,6] is actually not well justified, since it includes no interactions between
quarks (quarks are asymptotically free within a large bag). Also, the model
itself was originally proposed in order to treat quark confinement, therefore at
any finite temperature, a more self-consistent scheme to treat thermal radia-
tion and particle-antiparticle creation is needed. In the present study this is
achieved by a fully self-consistent thermodynamic treatment of confinement,
i.e., a recently developed quark mass density-dependent (QMDD) model [7,8].
This model has been widely used in the last few years for the structures and
the viscosity of compact stars [9,10,11,12,13].
On the other hand, thanks to the rapid progress in the treatment of mi-
croscopic theories of the nuclear matter equation of state (EOS) in recent
years, a detailed study of the hadron phase is by now possible, and we in the
present work therefore can treat it much more accurately than in the phe-
nomenological relativistic mean-field model used before [4]. We employ the
parameter-free microscopic Brueckner-Hartree-Fock (BHF) approach that has
been widely used for the study of dense stellar matter and neutron star proper-
ties [9,14,15,16,17,18,19,20,21,22,23,24,25,26], along with two cases of baryon
interactions as inputs. They have the same nucleonic two-body potentials,
Argonne v18 [27], but different three-body forces (TBF), i.e., the phenomeno-
logical Urbana model [28,29], and a microscopic TBF constructed from the
meson-exchange current approach [30]. Both of them reproduce fairly well the
saturation point of symmetric nuclear matter around the saturation density of
0.17 fm−3, and also fulfill the recent 2-solar-mass neutron star mass measure-
ment [31,32]. They, however, give a very different high-density EOS (> 0.4
fm−3) [14]. In particular, the microscopic TBF turns out to be more repulsive
than the Urbana model at high densities, and the discrepancy between the
two predictions becomes increasingly large as the density increases. Since the
threshold of the quark-hadron transition is essentially determined by the stiff-
ness of different hadron EOSs, we should keep in mind that the EOS from the
microscopic TBF is stiffer than that of the phenomenological one. Hereafter,
we refer to “stiff EOS” as the one with the microscopic TBF, and to “soft
EOS” as the one with the phenomenological TBF. Calculations are mainly
done using the microscopic TBF, and results with the phenomenological TBF
are presented as well in several cases for comparison.
Here we have neglected the possible appearance of hyperons and pion or kaon
3
condensates in the hadron phase, which in general might soften the high-
density EOS. How to confront them with the high-mass neutron stars is an
important topic discussed frequently in recent papers [17,33,34]. It would be
straightforward to include the strangeness in the hadron phase in a subsequent
study, once the controversial high-density EOS is clarified.
Let us also mention here that the subject of study of the boiling of QNs
(into hadrons), in principle demands that the QCD phase transition is of first
order (see for instance [6] and references therein). Lattice QCD studies over
the past years have however reached the conclusion that, for physical quark
masses and a vanishing baryon chemical potential µ, this transition is rather a
smooth crossover than a first order phase transition [35,36,37]. If the Universe
follows the “standard” scenario and undergoes the QCD phase transition with
only a very small µ, this would mean that QNs could not have been created
and the discussion of their properties would thus be irrelevant for the Universe
that we live in. It should however be stressed here that there is room for an
alternative scenario, which has been discussed in the literature [38,39,40,41] as
little inflation. In this case, the Universe follows a path with larger µ and can
therefore undergo a first order phase transition as the QCD phase diagram
is expected to have a critical endpoint at some finite value of µ, above which
the the quark-gluon plasma and hadron gas phases are separated by a first
order phase transition line. The creation of QNs can hence not be ruled out
and studying their properties may still be of relevance for the physics of our
Universe.
The paper is organized as follows. In section 2, we establish our physical model
and describe in details the numerical methods for the calculation. In section
3, numerical results are discussed. We present our main conclusions in section
4.
2 The Model
2.1 Boiling of QNs
In the hot QCD medium, the hadron gas may be energetically favored in
thermal fluctuations, and bubbles of hadronic gas would nucleate throughout
the volume of the produced nuggets of strange matter. This process is called
“boiling of QNs”. If boiling happens, the QN would dissolute into hadrons and
disappear in the Universe.
Following the estimation using classical nucleation theory by Alcock & Olinto [3],
the work done to form a bubble of radius r composed by the hadronic phase
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Fig. 1. Pictorial representation of the model. Zero chemical potential (µ = 0) rep-
resents that the relevant particles are thermally produced.
inside the quark phase is
W = −4
3
πr3∆P + 4πσr2, (1)
where σ is the QN surface tension. We follow Madsen & Olesen [4] and self-
consistently calculate the surface tension from all fermion species (i = u, d, s, e)
as:
σi =
3T
8π
∫ ∞
0
(1− 2
π
arctan
k
mi
) ln[1 + exp(−ei(k)− µi
T
)]kdk. (2)
where the energy e(k) is given as e(k) =
√
k2 +m2i withmi (µi) being the mass
(chemical potential) of component i. T is the temperature. ∆P = PH − PQ is
the pressure difference between the hadron phase (with a pressure of PH) and
the quark phase (with a pressure of PQ). Assuming that the phase transition
is first order, its properties are calculated from the the pressure difference
between the two phases based on the chemical equilibrium condition:
µQ(PQ) = µH(PH) ≡ µ (3)
where µQ and µH are the baryon chemical potentials for the hadron and quark
phases, respectively.
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Specifically, as illustrated in Fig. 1, besides the common pressures from ther-
mal photons and neutrinos, PH is contributed by hadrons and e
± pairs which
will be dealt as accurately as possible here, PQ constitutes a nonthermal pres-
sure from u, d, s quarks and e± pairs. Since the pressure of the quark phase,
PQ, is equal to the pressure in the Universe (mainly contributed by thermal
photons, neutrinos, electrons, and positrons), the nonthermal contributions
of quarks and e± pairs in the quark phase balance exactly the thermal elec-
trons and positrons in the Universe. This constrain is used to determine the
independent baryon chemical potential, µ. Clearly, ∆P comes from the pres-
sure difference apart from the common contribution from thermal photons
and neutrinos, and can be computed from the pressure of hadron phase, PH ,
subtracted by the pressure from thermally produced electrons and positrons:
∆P = PH − 8π
3(2π~)3
∫ ∞
0
(fe− + fe+)k
4/e(k)dk|µe=0 (4)
with fi the Fermi–Dirac distribution written as
fe−(k, T )=
1
exp[(e(k)− µe)/kBT ] + 1 , (5)
fe+(k, T )=
1
exp[(e(k) + µe)/kBT ] + 1
, (6)
where kB is the Boltzmann constant and the energy e(k) =
√
k2 +m2e with
me (µe) being the mass (chemical potential) of the electrons or positrons.
Whether boiling is important or not depends on the formation rate of critical
bubbles, since only those bubbles with a radius greater than the critical radius
will be able to grow. By maximizing W in Eq. (1) w.r.t. r, the work of a
critical-size bubble can be obtained as
Wc =
16π
3
σ3
∆P 2
. (7)
The rate at which critical bubbles appear is then
p(T, µ) ∼ T 4 exp(−Wc/T ). (8)
If the number of bubbles becomes so small that the total surface area of the
bubbles is smaller than the bounding surface area of a QN, boiling would be
inefficient. That gives a minimum baryon number Aboil above which boiling is
efficient [4]:
Aboil ≈ 7.9× 10−61∆P
6
T 6σ6
exp(16π
σ3
T∆P 2
). (9)
Much of the microscopic physics introduced in the present work, including the
quark-quark interaction, would enter in ∆P and consequently influence the
6
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Fig. 2. (Left) surface tensions σ and (right) baryon chemical potentials µ are shown
as a function of temperature T for three values of the quark confining parameter
D1/2 = 158 MeV, 170 MeV, 225 MeV in the quark phase. The microscopic TBF is
employed for the hadron phase.
physics of boiling. As will be shown later, the high powers and exponential
term in Eq. (9) would result in a rapid dependence on parameters (∆P , σ, T ).
The remaining part of this section is devoted to the calculation of ∆P . As
mentioned above, assuming the phase transition is first order, calculations can
be done separately for two phases. They are related by the constraint of the
common chemical potentials µ of Eq. (3). In the following, theoretical models
for the the hadron phase and the quark phase are illustrated, respectively.
2.2 The hadron phase
Let us first study the hadron phase, that is nuclear matter consisting of nu-
cleons and e± pairs in β-equilibrium of the following weak reactions:
n⇋ p+ e− + ν¯e, (10)
e+ + e− ⇋ νe + ν¯e (11)
Under the condition of neutrino escape, this equilibrium can be written as
µn − µp = µe− = −µe+ . (12)
The requirement of charge neutrality implies
np = ne− − ne+ , (13)
where ni is the number density of component i.
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The chemical potentials of the non-interacting leptons e± are obtained by
solving numerically the free Fermi gas model at finite temperature. The nu-
cleonic chemical potentials required in Eq. (12) are derived from the free en-
ergy density of nuclear matter, based on the finite-temperature BHF nuclear
many-body approach discussed below.
The BHF approach [15] is one of the most advanced microscopic approaches
to the EOS of nuclear matter. Recently, this model was extended to the finite-
temperature regime within the Bloch-De Dominicis formalism [42,43,44]. The
central quantity of the BHF formalism is the G-matrix, which in the finite-
temperature extension [15,16,42,43,44] is determined by solving numerically
the Bethe-Goldstone equation, and can be written in operatorial form as
Gab[W ] = Vab +
∑
c
∑
p,p′
Vac
∣∣∣pp′〉 Qc
W − Ec + iǫ
〈
pp′
∣∣∣Gcb[W ] , (14)
where the indices a, b, c indicate pairs of nucleons and the Pauli operator Q
and energy E determine the propagation of intermediate nucleon pairs. In a
given nucleon-nucleon channel c = (12) one has
Q(12) = [1− f1(k1)][1− f2(k2)] , (15)
E(12) =m1 +m2 + e1(k1) + e2(k2) , (16)
with the single-particle (s.p.) energy ei(k) = k
2/2mi + Ui(k), the Dirac-Fermi
distribution fi(k) =
(
e[ei(k)−µ˜i]/T +1
)−1
, the starting energyW , and the above-
mentioned baryon interaction V as fundamental input. The various single-
particle (s.p.) potentials within the continuous choice are given by
U1(k1) = Re
∑
2=n,p
∑
k2
n(k2)
〈
k1k2
∣∣∣G(12)(12) [E(12)] ∣∣∣k1k2〉
A
, (17)
where ki generally denote momentum and spin. For given partial densities
ni (i = n, p) and temperature T , Eqs. (14-17) have to be solved self-consistently
along with the equations for the auxiliary chemical potentials µ˜i, ni =
∫
k fi(k).
Once the different s.p. potentials for the species i = n, p are known, the free
energy density of nuclear matter can be obtained using the following simplified
expression
fN =
∑
i
[∑
k
fi(k)
(
k2
2mi
+
1
2
Ui(k)
)
− Tsi
]
, (18)
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where
si = −
∑
k
(
fi(k) ln fi(k) + [1− fi(k)] ln[1− fi(k)]
)
(19)
is the entropy density for component i treated as a free gas with s.p. spectrum
ei(k) [16,15]. All thermodynamic quantities of interest can then be computed
from the free energy density, Eq. (18); namely, the “true” chemical potentials
µi (i = n, p), internal energy density ǫN , and pressure PN are
µi=
∂fN
∂ni
, (20)
sN =−∂fN
∂T
, (21)
ǫN = fN + TsN , (22)
PN =n
2
B
∂(fH/nB)
∂nB
=
∑
i
µini − fN . (23)
One can then proceed to calculate the composition of the hot β-equilibrium
matter by solving Eqs. (12) and (13), together with the conservation of the
baryon number, nn + np = nB. Then the total energy density ǫ and the total
pressure P of the system are
ǫH = ǫl + ǫN , (24)
PH =Pl + PN , (25)
where ǫl and Pl are the standard contributions of the leptons:
ǫl=
8π
(2π~)3
∫ ∞
0
(fe− + fe+)e(k)k
2dk , (26)
Pl=
8π
3(2π~)3
∫ ∞
0
(fe− + fe+)k
4/e(k)dk . (27)
2.3 The quark phase
We consider the quark phase as a mixture of interacting u, d, s quarks,
electrons and positrons. In the QMDD model, the mass of the quarks mi
(i = u, d, s) is parameterized by the baryon number density nB as follows
9
mi ≡ mi0 +mI = mi0 + D
nzB
, (28)
The density-dependent mass mi includes two parts: one is the original mass or
current mass mi0, the other is the interacting part mI. The light-quark masses
are very small, and we simply take mu0 = md0 = 0. As to the uncertain strange
quark mass, a modest value ofms0 = 95 MeV is chosen. In principle, the quark
mass scaling should be determined from QCD, which is obviously impossible
presently. As mentioned before, we use the cubic scaling z = 1/3 [45], based on
the linear confinement and in-medium chiral condensates. It was first derived
at zero temperature [45] and then expanded to finite temperature [8].
D is the confinement parameter. From our previous work of Peng et al.
2008, we know that it has a lower bound of D1/2 = 156 MeV, and an up-
per bound of D1/2 = 270 MeV. The lower bound comes from the nuclear
physics constraint, demanding that at P = 0, non-strange nuclear matter
should be stable against decay to (ud) quark matter. This leads to the con-
dition E/A > M56Fec
2/56 = 930 MeV for (ud) quark matter, which gives the
above-mentioned lower bound. The upper bound can be derived from a rela-
tion between D and the quark-condensate [9] and the known range of values
for this condensate. The upper boundary of 270 MeV is in fact a very conser-
vative one. According to the updated quark condensate determined nowadays
very precisely by lattice QCD [46], a range of (161 MeV, 195 MeV) can be ob-
tained. Therefore in this work, we take three typical values of the confinement
parameter as D1/2 = 158 MeV, 170 MeV, 225 MeV. The lower one (158 MeV)
is chosen to account for the realizable case of absolutely stable strange-quark
matter [9], the middle one (170 MeV) because it satisfies the constraints from
the newest lattice QCD results [46], and the large one (225 MeV) to study the
situation in the region of the upper boundary.
The relevant chemical potentials µu, µd, µs, and µe± satisfy the weak-equilibrium
condition (we again assume that neutrinos leave the system freely):
µu − µd = µe− = −µe+ , µd = µs. (29)
The baryon number density and the charge density can be given as
nB =
1
3
(nu + nd + ns), (30)
qQ =
2
3
nu − 1
3
nd − 1
3
ns + ne+ − ne−. (31)
The charge-neutrality condition requires qQ = 0.
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In the present model, the single-particle energies depend on density and tem-
perature via the quark masses. Based on the quasiparticle assumption, the
quark energy density can be written as (i = u, d, s) [9]
ǫQ= g
∑
i
∑
k
√
k2 +m2i fi(k, T ). (32)
where the statistical weight is g = 6 for quarks. From the Landau definition
of the single-particle energy extended to finite temperature, we have
εi(k) =
δǫQ
δfi(k, T )
=
√
k2 +m2i + g
∑
j
mjfj(k, T )√
k2 +m2j
∂mj
∂ni
≡ ei(k)− µI, (33)
where ei(k) ≡
√
k2 +m2i is the usual dispersion relation of free particles. The
extra term µI can be added to the chemical potential, so defining
µ∗i ≡ µi + µI. (34)
Accordingly, the net density of the particle type i is ni = g
∑
k [fi(k, T )− f¯i(k, T )] ,
or, explicitly, we have
ni = g
∫ ∞
0
{
1
1 + e[εi(k)−µ
∗
i
]/T
− 1
1 + e[εi(k)+µ
∗
i
]/T
}
p2dk
2π2
. (35)
Inverting this equation, one determines µ∗i as a function of ni so that the free
energy density of quarks can be given as
fq =
∑
i
[
f+i + f
−
i
]
(36)
with
f±i = g
∫ ∞
0
{
− T ln
[
1 + e−(
√
k2+m2
i
∓µ∗
i
)/T
]
± µ
∗
i
1 + e(
√
k2+m2
i
∓µ∗
i
)/T
}
k2dk
2π2
. (37)
One can then determine the real chemical potentials and pressure, according
to the well-known relations (i = u, d, s):
11
µi =
∂fq
∂ni
, Pq = −fq +
∑
i
µini. (38)
Solving Eqs. (29), (30) and (31), the total pressure of the system can be
obtained:
PQ=Pl + Pq , (39)
after adding the contribution of the leptons Pl (Eq. (27)).
3 Results and Discussion
We begin in Fig. 2 with the surface tensions of QNs (left) and the baryon
chemical potentials (right) as a function of temperature for three values of
the quark confining parameter in the quark phase, and the microscopic TBF
chosen for the hadron phase. During the cooling of the Universe, σ increases,
which means that QNs tend to be more bound. Also, the larger the confining
parameter, the larger the surface tension, which is reasonable because quarks
interact more strongly. The baryon chemical potentials are decreasing func-
tions with the temperature. With the increase of the confining parameter D,
the equilibrium chemical potential µ of the two phases increases due to a larger
pressure difference ∆P as shown in Fig. 3.
To see the influence of the hadron EOS, results from the the phenomenological
TBF (labelled as “soft EOS”) is also shown for the case of D1/2 = 170 MeV.
It is clearly observed that a soft hadron EOS will result in a slight decrease of
the pressure difference of the two phases. It has a similar decreasing effect on
the equilibrium chemical potential µ, but the difference is very small and can
not be distinguished in Fig. 2.
More microscopically, we show in the left panel of Fig. 4 the baryon number
densities of the two phases at chemical equilibrium. The densities in QNs
always decrease with the temperature T , but the densities in HBs first increase
with T then decrease with it. Soft EOS in the hadron phase will in general
lower the baryon densities of HBs at chemical equilibrium only slightly for
each temperature T . Compared with that of the hadron EOS, the effect of the
quark confining parameter D is more evident. A larger D value will result in
increasing baryon densities both in QNs and HBs, and also lead to a larger
density gap between the two phases, as shown in the right panel of Fig. 4.
One can also notice a small decreasing effect of the soft hadron EOS on the
density gap.
For a smaller density gap between the two phases, the boiling of a QN to
12
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Fig. 3. Pressure differences ∆P are shown as a function of temperature T for three
values of the quark confining parameter D1/2 = 158 MeV, 170 MeV, 225 MeV in
the quark phase. The microscopic TBF is employed for the hadron phase. Results
from the the phenomenological TBF (labelled as “soft EOS”) is also shown for the
case of D1/2 = 170 MeV.
HBs becomes more difficult, as it is clearly demonstrated in Fig. 5, where the
baryon number limits Aboil, above which boiling could happen, are shown as a
function of the temperature T . The calculation is done with D1/2 = 170 MeV
in the quark phase, for both the microscopic TBF and the phenomenological
TBF for the hadron phase. A slightly smaller pressure difference (as shown
in Fig. 3), or a smaller density gap (as shown in Fig. 4) in the soft EOS case
(namely the case of the phenomenological TBF) will result in a larger work
for a critical-size bubble, and finally lead to a lower probability of bubbles
nucleation, namely a larger value of the limit Aboil.
More importantly, it is found that the limit Aboil is a sharp decreasing function
of the temperature T , as indicated by Eq. (9). With the chosen D parameter,
large amounts of cosmological quark nuggets between 102 < A < 1050 would
boil around T = 90 MeV. A small change of the D value from 170 MeV would
result in a sensitively sharp increase of the Aboil value, which is far from the
baryon number of a cosmological QN. This is what happens in the cases of
158 MeV and 225 MeV. It means that only for a small parameter range of the
confining parameter D, there is a chance that the QN boiling could happen
very efficiently during the early stage (T ∼ 90 MeV) of the cooling. Otherwise,
the baryon limit is irrelevant and no QNs could boil and might survive until the
present time. We mention here that our calculation demonstrates an amazing
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Fig. 4. Baryon densities of the two phases (left panel) and density gaps between
the two phases (right panel) at chemical equilibrium are shown as a function of
the temperature T , for two values of the quark confining parameter D1/2 = 158
MeV (solid lines) and 170 MeV (dashed lines) in the quark phase. The microscopic
TBF is employed for the hadron phase. Results from the the phenomenological TBF
(labelled as “soft EOS”) is also shown for the case of D1/2 = 170 MeV (dash-dotted
lines).
coincidence of the lattice results [46] just falling into the range where boiling
could be important.
4 Conclusions
In this paper, we have renewed the study of the boiling of possible QNs during
the quark-hadron phase transition of the Universe at nonzero chemical poten-
tial. For this purpose, a parameter-free microscopic BHF model extended to
finite temperature is employed for the hadron phase to describe HBs, and a
quark model with self-consistent thermodynamic treatment of the confinement
is used to deal with the quark phase for the description of QNs. Both phases
are in beta-stable equilibrium through weak processes. The phase transition
is regarded as a first-order one, in order to get the pressure difference between
the two phases. Also, the important parameter of the QN surface tension is
calculated self-consistently at each sets of parameters. Detailed presentations
of the QN surface tension, the baryon chemical potential, as well as the pres-
sures and the baryon densities for the two phases are shown.
We found a larger effect of the confinement parameter, than that of the hadron
14
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Fig. 5. Baryon number limits Aboil, above which boiling could happen, are shown as
a function of the temperature T . The calculation is done with D1/2 = 170 MeV in
the quark phase, for both the microscopic TBF (solid line, labelled as “stiff EOS”)
and the phenomenological TBF (dashed line, labelled as “soft EOS”) for the hadron
phase. The cases of D1/2 = 158 MeV and D1/2 = 225 MeV would result in Aboil
values far from the baryon number of a cosmological QN, therefore they are not
shown here.
EOS. The baryon number limits are found above which boiling could be ef-
ficient. It turns out that only a limited range of the confinement parameter
allow boiling to happen around a temperature of 90 MeV. This allowed range
of the confinement parameter falls comfortably into the range provided by lat-
tice QCD. This therefore appears to be the favoured scenario at present. Large
numbers of QNs would boil to HNs in this case and QNs may not exist in the
present Universe. For other values of this parameter, boiling is impossible to
happen, and QNs with a cosmological baryon number of 102 < A < 1050 could
be possibly found. Future experiments of detecting dark matter can provide a
crucial cross-check to this problem.
Furthermore, the importance of quark pairing gap was demonstrated in the
work of Lugones & Horvath [6] within the MIT model, taking into account
the BCS-type of pairing for quarks. Therefore, a more proper treatment of
pairing, for example using the Nambu-Jona-Lasinio (NJL), or the Polyakov-
NJL model (PNJL), should be interesting. Since the NJL (or PNJL) model, not
like the MIT + BCS scheme, incorporates all the symmetries known from the
fundamental theory of strong interactions (i.e., quantum chromodynamics), it
could improve our understanding of the boiling problem and its relation with
the phase diagram of the high-density strong interaction matter.
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